ions. On the basis of thermoluminescence, a schematic of a photochromic mechanism has also been proposed.
Introduction
The photochromic (PC) phenomenon was discovered more than one hundred years ago. Armistead and Stooky, two materials scientists at Corning studios in the United States, found the reversible photochromic properties of silver halide (AgX) glasses in the 1960s, which was the rst time that a PC material was made for successful commercial application. The photochromic phenomenon refers to the reversible conversion between two forms or states accompanying signicant changes in the absorption spectra induced in at least one direction by a certain wavelength of incident electromagnetic radiation.
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The PC materials have attracted increasing interests in scientic research not only due to color variation but also due to additional spontaneous variation such as in uorescence, magnetic properties, oxidation/reduction potential, dielectric constant, electron conductivity, and refractive index. [6] [7] [8] [9] These variations make them potentially applicable in various elds such as in erasable optical memory media, sensors, photooptical switches, rewritable copy papers, and optical bers and communications. [10] [11] [12] [13] [14] [15] However, most of the reported PC materials are organic materials and inherit some natural drawbacks such as low fatigue resistance, environmentally harmful synthesis processes, and low thermal and chemical stability, which will restrict their commercial applications. In contrast, the inorganic PC materials have some better characteristics, such as easily controllable macroscopic shape molding and high thermal and chemical stability, as compared to the organic counterparts. However, the research on inorganic PC materials is mostly concentrated on silver halides, alkali halides, alkaline earth halides, titanates, complex minerals, and transition metal oxide thin lms such as WO 3 , TiO 2 , MoO 3 , Nb 2 O 5 , and V 2 O 5 , which are usually in the form of thin lms or single crystals, displaying poor PC reversibility and slow response rate. Relatively, inorganic PC materials as powders are more useful than in the form of thin lms or single crystals because their surface color is suitable for reective readout and possesses large area displays in ambient light. 16 Therefore, the development of new inorganic PC materials in powder form is still the critical challenge in practical applications.
In recent years, a series of inorganic PC materials in powder form has been reported such as Sr 2 
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Based on the abovementioned materials, doping of europium ion into a proper host may be a good way to obtain novel PC materials, and many of these matrices are apatite-type structure. Ca 10 (PO 4 ) 6 F 2 is the rst known apatite-type structure, which was discovered and named by Náray-Szábo. The apatite-type structure compounds are usually expressed as A 10 2 were mixed and ground fully in an agate mortar. Aer being mixed thoroughly, the mixtures were moved to alumina crucibles. The mixtures were pre-sintered at 600 C for 2 h. Aer being ground again, the mixtures were sintered at 1000 C for 3 h under a reducing atmosphere (N 2 : H 2 ¼ 90% : 10%), and the products were reground to a ne powder for the following measurements.
Characterization
The phases of all the obtained samples were identied by powder X-ray diffraction (XRD) analysis using a XD-2 powder diffractometer with Cu Ka irradiation (l ¼ 1.5406Å) operating at 36 kV and 20 mA. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were obtained via a FLS-980 uorescence spectrophotometer (Edinburgh Instruments) equipped with a Xe lamp (450W, Osram). UV-vis diffuse reec-tance spectra were characterized by a UV-visible spectrophotometer (Evolution 220) with BaSO 4 as a reference. Hightemperature diffuse reectance spectra were obtained using the same UV-visible spectrophotometer equipped with a homemade heating device. Thermoluminescence (TL) curves were obtained from 30 to 450 C by a thermoluminescence meter (SL08-L) at a heating rate of 5 C s À1 . The electron paramagnetic resonance (EPR) spectra were obtained using a JES-FA200 ESR spectrometer at a frequency of 9.198 GHz and at low temperature (90 K) in vacuum.
Results and discussion

Phase identication
To verify the phases of all obtained samples, XRD was used. phosphor. Monitored at 439 nm, the spectrum shows a broad excitation band ranging from 230 to 420 nm, with the maximal value at 310 nm, which is caused by the 4f 7 / 4f 6 5d 1 transition of Eu 2+ ions. Under the excitation by 310 nm, the PL spectrum displays a wide emission band ranging from 400 to 550 nm centering at 439 nm, which is ascribed to the 4f 6 5d 1 / 4f 7 transition of Eu 2+ ion.
The diffuse reectance spectra of SYLP:0.005Eu 2+ before and aer 254 nm light irradiation for 3 min are shown in Fig. 2(b) . Apparently, a wide absorption can be discovered in the region from 500 to 680 nm, attaining the maximum at 553 nm aer 254 nm light irradiation. The surface of the sample changes from colorless to magenta, and the image of the sample surface under UV and visible light irradiation is displayed in Fig. 2(c) . Notably, the doping concentration of Eu 2+ in the SYLP host plays a critical role in adjusting the coloring degree. The DAbs is dened as R b -R a , where R b is the reectivity before irradiation by UV light and R a is the reectivity aer irradiation by UV light. Thus, the relationship between DAbs at 553 nm and doping concentration of Eu 2+ is shown in Fig. 2 Fig. 3(a) . It can be seen that they have similar shape. The TL intensity increases at rst, reaching the maximum when x ¼ 0.005, and then continuously declines; this indicates that the TL intensity is largely dependent on the contents of Eu 2+ . The TL intensity of SYLP:xEu 2+ and their DAbs at 553 nm in Fig. 2(c) show the similar change tendency; this proves that PC performance is closely related to traps. The Gauss tting of SYLP:0.005Eu 2+ is displayed in Fig. 3(b) . It shows two different peaks centering at about 92 and 200 C, and the intensity at lower temperature is higher than that at high temperature. Based on Fig. 3(b) , it means that the electrons in the shallow traps are almost emptied when heated to 150 C. To prove that photochromism is related to deep traps or shallow traps, we attempted to empty the shallow traps by heating. Fig. 4(a) indicates the TL curves of SYLP:0.005Eu 2+ with and without heat treatment at 150 C. When the sample is heated to 150 C before the TL measurement, it can be clearly seen that the TL intensity signicantly decreases at lower temperatures and is not observed basically, and the decay rate at higher temperatures is evidently slower than that at low temperatures. Moreover, Fig. 4(b) shows the reection spectra of the sample with and without UV light irradiation and the reection spectrum of the coloring sample aer being heated to 150 C. As shown in Fig. 4(b) , it still has a partial absorption at 500-680 nm aer being heated to 150 C; this means that the colored sample maintains a certain coloring degree and is not completely bleached; this demonstrates that the deep traps are the crucial factor of photochromism. The trap depth can be calculated by the following equation.
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where T m is the temperature at the TL peak; the depth of traps can be calculated as 0.73 and 0.95 eV. Normally, although the depth of the trap is about equal to 0.7 eV, it is quite suitable for charge carriers escaping and producing persistent luminescence at room temperature. 31 However, the electrons in deeper traps are difficult to be released and will survive longer.
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Therefore, we can infer that the coloring state will not vanish immediately, nor will it disappear in a short time without external stimulation.
Reversibility is an important feature of PC materials. Therefore, the reectance change of the SYLP:0.005Eu 2+ sample under the alternating UV and visible light irradiation for several cycles is shown in Fig. 5(a) . The sample surface varied between colorless and magenta. It shows a high reversibility in the processes of coloring and bleaching. The results illustrate that the SYLP:Eu 2+ phosphors have good repetition in recording and erasing information, inferring that the SYLP:Eu 2+ phosphor may be a candidate that can be applied in photoswitches and erasable optical memory devices. PC performance is associated with traps; this suggests that heat treatment may have a significant effect on colored samples. Based on this, the reectance change of the SYLP:0.005Eu 2+ sample upon alternate UV light irradiation and heat treatment for several loops is shown in Fig. 5(b) . The reectivity of the SYLP:0.005Eu 2+ sample at 553 nm returns to the initial level when the temperature is increased to 450 C and is maintained for 5 min. Evidently, heating to high temperature can cause the accelerated bleaching of the colored samples, and the bleached sample can be colored again under UV light irradiation. , where the co-doping of these rare earth ions will lead to signicant reduction of the DAbs.
Coloring degree regulation of SYLP:Eu
To explain the traps that are controlled and modulated by codoping of Ln 3+ ions, TL spectra of the obtained SYLP:0.005Eu 2+ ,0.005Ln 3+ samples are characterized with the SYLP:0.005Eu 2+ sample as a reference. The TL spectra of three groups are displayed in Fig. 7 (a)-(c). As shown in Fig. 7(a) , it can be clearly seen that the predominating peak moves from low temperature to high temperature and locates at around 193 C, and the TL intensity increases, evidently corresponding to coloration deepening that matches with the increase of DAbs in Fig. 6 . Fig. 7(b) indicates that the predominated peak also shis to high temperatures, but the TL intensity signicantly decreases; this is in agreement with the reduction of DAbs in Fig. 6 ; this demonstrates that the PC property is weakened slightly. As shown in Fig. 7(c) , the third class of ions not only leads to the predominated peak that has slightly shied to lower temperatures, but also exhibits strong decrease in TL intensity, coinciding with the poor PC property and signicant decrease of DAbs in Fig. 6 . . 21, [35] [36] [37] The EPR spectra of two sharp signals are displayed in Fig. 8(a) and (b) , representing the resonance signals characteristic of Eu 2+ ions. 38 Upon UV light irradiation, the intensities of signals, as shown in Fig. 8(a) and (b) Based on the abovementioned results and discussion, the PC and coloration degree regulation mechanism are presented in Fig. 9 . Under irradiation by longer UV light, the electrons in the ground level of Eu 2+ can only be pumped to the lower 5d level and then transferred to the lowest 5d level through nonradiative relaxation. Finally, the electrons move back to the ground level, accompanied by blue emission. Upon excitation by shorter UV light, the electrons in the Eu 2+ ground level can be excited to the high 5d levels, which are located above or near the bottom of the conduction band (CB). On the one hand, a majority of excited electrons immediately move back to the ground level, and a blue emission will be observed, which originates from Eu
2+
. On the other hand, the residual excited electrons might be transferred into the CB with the aid of thermal energy although with a small possibility under ambient condition. The electrons will be trapped by the oxygen vacancies that are located near the photogenerated Eu Furthermore, the F-like color centers are formed by the captured electrons, and the sample surface changes from white to magenta. At room temperature, the captured electrons easily escape from shallow traps, but their escape is quite hard from deep traps. As a result, the colored sample presents a fast fading process and a slow fading process in the dark at room temperature. 39 Stimulated by external factors, for instance, long wavelength irradiation and heat treatment, the trapped electrons in the traps are immediately released into the CB that will be caused by a faster bleaching process. By co-doping Ln 3+ ions into the SYLP host, the distribution of traps can be adjusted. ; in these cases, the depth of the deep trap is signicantly reduced, and the integral trap density is markedly decreased; this results in the reduction of the coloration degree. 
Conclusion
To summarize, a series of novel photochromic Sr 3 YLi(PO 4 ) 3 
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